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Azimuthal asymmetries at HERA: theoreti al
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aspe ts

P.M. Nadolsky, D.R. Stump, C.P. Yuan

Department of Physi s & Astronomy, Mi higan State University,
East Lansing, MI 48824, U.S.A.

Abstra t
We omment on theoreti al aspe ts of the measurement of azimuthal asymmetries
in semi-in lusive harged parti le produ tion, made re ently by the ZEUS Collaboration at HERA. By taking the ratio of the two measured asymmetries, we nd good
agreement between the perturbative QCD predi tion and the experimental data. To
separate the perturbative and nonperturbative ontributions to the asymmetries, we
suggest that the azimuthal asymmetries of the transverse energy ow be measured
as a fun tion of a variable qT related to the pseudorapidity of the energy ow.
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In a re ent publi ation [1℄ the ZEUS Collaboration at DESY-HERA has pre-

±
sented data on asymmetries of harged parti le (h ) produ tion in the pro ess
γ∗

e + p −→ e + h± + X , with respe

t to the angle

ϕ dened as the angle between

the lepton s attering plane and the hadron produ tion plane (of
ex hanged virtual photon). The azimuthal asymmetries,
as fun tions of the minimal transverse momentum
hadron

h±

in the hadron-photon

hcos nϕi(pc ) =

with

n = 1, 2.

R

over

x, z, Q , pT

2

Q < 7220

and

dΦ
R

R 2π
0

dΦ

dϕ cos nϕ dxdzdQdσ2 dpT dϕ

R 2π
0

dϕ dxdzdQdσ2dpT dϕ

qµ,

GeV ,

0.2 < z < 1,
+1

interferen e of the heli ity
polarization; and nonzero

harged

,

and

and

hcos ϕi

pT > pc .

−1

(1)

P µ,

the nal-

the variables in (1) are

z = (P · Ph )/(P · q).

within the region dened by

2

hcos 2ϕi,

and

of the observed

In terms of the momenta of the initial proton

−qµ q µ , x = Q2 /2(P · q),

and the

enter-of-mass (hCM) frame, are dened as

µ
state hadron Ph , and the ex hanged photon

2

pc

hcos ϕi

h±

R

dΦ

denotes the integral

0.01 < x < 0.1, 180
Nonzero

Q2 =

hcos 2ϕi

GeV

2

<

omes from

amplitudes of the transverse photon

omes from interferen e of transverse and

longitudinal photon polarization.

More than 20 years ago it was proposed to test QCD by

omparing measured

azimuthal asymmetries to the perturbative predi tions [2℄. However, it was also
realized that nonperturbative
the

ontributions and higher-twist ee ts may ae t

omparison [36℄. For example, intrinsi

kT

might be used to parametrize

the nonperturbative ee ts [3℄, and indeed ZEUS did apply this idea to their
analysis of the data [1℄. The relative importan e of the nonperturbative ee ts
is expe ted to de rease as

pT

semi-in lusive deep-inelasti
be a

in reases. Thus, the azimuthal asymmetries in
s attering (SIDIS) events with large

urately des ribed by perturbative dynami s. From the

the perturbative QCD
Collaboration
values of

pc ,

al ulation at the leading order in

should

omparison to

[7,8℄, the ZEUS

on luded that the data on the azimuthal asymmetries at large

although not well des ribed by the QCD predi tions, do provide

lear eviden e for a perturbative QCD
metries.

αs

pT

ontribution to the azimuthal asym-

In this paper, we will take a new look at the ZEUS data, motivated by a
QCD resummation formalism [912℄ that takes into a

ount the ee ts of

multiple soft parton emission. First, we argue that the analysis of
and

hcos 2ϕi

hcos ϕi

based on xed-order QCD is unsatisfa tory be ause it ignores

large logarithmi

orre tions due to soft parton emission. We also show that

perturbative and nonperturbative

ontributions are mixed in the transverse

momentum distributions. Then we make two suggestions for improvement of
the analysis of the ZEUS data. We show that perturbative and nonperturbative
ontributions
variable

qT

an be separated more

learly in asymmetries depending on a

related to the pseudorapidity of the nal hadron in the hCM frame.

We also suggest measurement of the asymmetries of the

ow

whi h are simpler and may be

transverse energy

al ulated reliably. Our predi tions for the

asymmetries of transverse energy ow are the most important

ontribution of

this paper.

1 Large logarithmi

orre tions and resummation

The impa t parameter resummation formalism that we are applying here des ribes produ tion of nearly massless hadrons in the

urrent fragmentation

region, where the produ tion rate is the highest. In this region, transverse momentum distributions are ae ted by large logarithmi QCD
radiation of soft and

orre tions due to

ollinear partons. The leading logarithmi

ontributions

an be summed through all orders of perturbative QCD [1012℄ by applying a
method originally proposed in [9℄ for jet produ tion in

e+ e−

annihilation and

the Drell-Yan pro ess.

The spin-averaged

γ ∗ ex

hange,

ross se tion for SIDIS in a parity- onserving

an be de omposed into a sum of independent

four basis fun tions

Aρ (ψ, ϕ)

of the leptoni

hannel,

e.g.,

ontributions from

angular parameters

4
X
dσ
ρ
V (x, z, Q2 , qT2 )Aρ (ψ, ϕ).
=
dxdzdQ2 dqT2 dϕ ρ=1

ψ, ϕ

[13℄:

Here

ψ

is the angle of a hyperboli

it is related to the

cosh ψ).
V

and

The angular basis fun tions are

2

V

To explore the singular

A

by

polar

1

V

y = P · q/P · ℓ = 2/(1 +

A1 = 1 + cosh2 ψ , A2 = −2, A3 =
ρ

Of the four stru ture fun tions

ontribute to the denominator of (1),

se tion. Of these two terms,

to the

y,

onventional DIS variable

− cos ϕ sinh 2ψ , A4 = cos 2ϕ sinh2 ψ .
1

rotation (a boost) in Minkowski spa e;

V,

i.e., the ϕ-integrated

only
ross

is more singular and it dominates the rate.

ontributions in

1

V,

we introdu e a s ale

qT

related

angle (θ ) of the dire tion of the nal hadron in the hCM frame.

onvenient denition is

q

qT = Q 1/x − 1 exp (−η),

where

η

is the pseudorapidity of the

harged hadron in the hCM frame (de-

ned with respe t to the dire tion of the momentum

qT → 0, the stru
has the form

ture fun tion

−2 P∞

qT

k=1 (αs /π)

1

V

(2)

qµ

of

γ ∗ ).

In the limit

is dominated by large logarithmi

k P2k−1
m=0

v (km) lnm (qT2 /Q2 ),

where

v (km)

terms; it
are some

generalized fun tions. To obtain a stable theoreti al predi tion, these large
terms must be resummed through all orders of perturbative QCD. The other

2,3,4

stru ture fun tions
xed-order

O(αS )

V

are nite at this order; we approximate them by

expressions.

In Eq. (1), the numerator of
ture fun tion
must be

3

V

or

4

V,

hcos ϕi

or

hcos 2ϕi

depends only on the stru -

respe tively. The measurement of

ombined with good knowledge of the

ϕ-integrated

hcos ϕi

or

hcos 2ϕi

ross se tion,

i.e.,

the denominator of (1), to provide experimental information on the stru ture
fun tion

3

V

produ e the

or

4

V.

Thus it is

ϕ-integrated

ru ial to

he k whether the theory

ross se tion as a fun tion of

the predi tion for (1) to the data. But, on the

O(αs )

before

omparing

ontrary, as shown in [12℄, the

xed-order

ross se tion is signi antly lower than the data from [14℄

pT

relevant to the ZEUS measurements. This dieren e signals

in the range of

the importan e of higher-order

O(αs )

pT

an re-

orre tions and undermines the validity of the

result as a reliable approximation for the numerator of (1).

On the other hand, the resummation

al ulation [12℄ with a proper

hoi e

of the nonperturbative fun tion yields a mu h better agreement with the experimental data for the

ϕ-integrated pT -distribution

from [14℄. One might

try to improve the theoreti al des ription of the ZEUS data using resummation for the denominator of (1). However, the resummation

dσ/(dxdzdQ2 dpT dϕ)

al ulation for

in the phase spa e region relevant to the ZEUS data is

urrently not possible, largely be ause of the un ertainty in the parameterization of the nonperturbative
ture fun tion

1

V

ontributions in this region. The resummed stru -

in ludes a nonperturbative Sudakov fa tor, whi h

the ee ts of the intrinsi

ontains

transverse momentum of the initial-state parton and

the nonperturbative fragmentation

ontributions to the transverse momentum

of the nal-state hadron. Without rst determining this nonperturbative fa tor,

e.g.,

from other measurements, it is not possible to make a trustworthy

theoreti al predi tion for the denominator of (1) and, hen e, these azimuthal
asymmetries.

The azimuthal asymmetries measured by ZEUS may also be sensitive to unertainties in the fragmentation to
se tion in (1) in ludes

h±

in the nal state. Indeed, the

onvolutions of hard s attering

mentation fun tions (FFs), integrated over the range

ross

ross se tions with frag-

0.2 < z < 1.

Although

the knowledge of FFs is steadily improving [16℄, there is still some un ertainty
about their

z -dependen

e and avor stru ture for the range of

Q relevant to the

ZEUS measurement. Therefore the most reliable tests of the theory would use
observables that are not sensitive to the nal-state fragmentation. The asymmetries
variable

hcos nϕi would be insensitive to FFs if the dependen
zb

e on the partoni

were similar in the hard parts of the numerator and denominator

of (1), so that the dependen e on the FFs would approximately

an el. (We

denote the parton-level quantities by  b .) It is shown in Appendix B of [11℄
that the partoni

(1),

stru ture fun tion

ontains terms proportional to

1b

V , whi

1/zb2

h dominates the denominator of

that in rease rapidly as

However, the most singular terms in the partoni
proportional to

1/zb.

zb

de reases.

stru ture fun tions

Therefore, the dependen e on the FFs does not

3,4 b

V

are

an el in

the azimuthal asymmetries.

A

urious fa t appears to support the suggestion that the theoreti al predi -
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Fig. 1. Comparison of the O(αs ) predi tion for the ratio hcos ϕi/hcos 2ϕi with the
ratio of experimentally measured values of hcos ϕi and hcos 2ϕi from [1℄. The error
bars are al ulated by adding the statisti al errors of hcos ϕi and hcos 2ϕi in quadrature. Systemati errors are not in luded. The theoreti al urve is al ulated for
hxi = 0.022, hQ2 i = 750 GeV2 , using the CTEQ5M1 parton distribution fun tions

[15℄ and fragmentation fun tions by S. Kretzer from [16℄.
tions for

hcos nϕi

depend signi antly on the fragmentation fun tions. While

ea h of the measured asymmetries,

O(αs )

hcos ϕi

and

hcos 2ϕi,

predi tion, the data a tually agree well with the

the ratio

hcos ϕi/hcos 2ϕi,

al errors on

deviates from the

O(αs )

predi tion for

as shown in Fig. 1. The error bars are the statisti-

hcos ϕi and hcos 2ϕi

ombined in quadrature; this, however, may

overestimate the statisti al un ertainty if the two errors are

orrelated. Sin e

this ratio depends only on the numerators in Eq. (1), whi h are less singular
with respe t to

zb than the denominator, the dependen

fun tions may be nearly
the

O(αs )

e on the fragmentation

an eled in the ratio. The good agreement between

predi tion and the experimental data for this ratio supports our

onje ture that the fragmentation dynami s has a signi ant impa t on the
individual asymmetries dened in (1).

Our nal remark about the azimuthal asymmetries in (1) is that the

pT

(or

pc ) distributions are not the best observables to separate the perturbative and
nonperturbative ee ts. The region where multiple parton radiation ee ts are

important is spe ied by the

ondition

are smeared with respe t to the

z,

be ause

pT = z qT .

qT

qT2 /Q2 ≪ 1.

pT

distributions

distributions by an additional fa tor of

Thus the whole observable range of

to the resummation ee ts in the region of
A better way to

But the

qT

pT

is sensitive

of the order of several GeV.

ompare the data to the perturbative QCD predi tion is

to express the azimuthal asymmetries as a fun tion of

qT ,

not

pT .

Then the

omparison should be made in the region where the multiple parton radiation
is unimportant,

i.e., for qT /Q & 1.

2 Asymmetry of energy ow
Next, we des ribe an alternative test of perturbative QCD, whi h will further redu e the above theoreti al un ertainties: measurement of the azimuthal
asymmetries of the
energy ow

transverse energy ow. In the hCM frame, the transverse

an be written as [17,13,1012℄

4
X
dET
ρ
VET (x, Q2 , qT2 )Aρ (ψ, ϕ).
=
dxdQ2 dqT2 dϕ ρ=1

Unlike the

(3)

harged parti le multipli ity, the energy ow does not depend on

the nal-state fragmentation. It has been demonstrated [11,12℄ that a resummation
on the

al ulation

an provide a good des ription for the experimental data

ϕ-integrated ET -ow.

A new

lass of azimuthal asymmetries may be

dened as

hET cos nϕi(qT ) =

R

The stru ture fun tions
ture fun tions

ρ

V

dΦ
R
ρ

R 2π
0

dΦ

VE T

T
cos nϕ dxdQdE
2 dq 2 dϕ dϕ

R 2π
0

T

dET
2 dϕ dϕ
dxdQ2 dqT

for the

for the SIDIS

ET -ow

3

VE T

and

4

VE T ,

an be derived from the stru -

an be

ase of the

hET cos ϕi and hET cos 2ϕi re

eive

on-

respe tively. But, unlike the previous

ase,

ET -ow.

Thus

the denominator in (4) is approximated well by the resummed
these asymmetries

(4)

ross se tion [12℄. Similar to the

parti le multipli ities, the asymmetries
tributions from

.

al ulated with greater

onden e.

a)

b)

Fig. 2. Energy ow asymmetries hET cos ϕi(qT ) and hET cos 2ϕi(qT ) for (a)
x = 0.0047, Q2 = 33.2 GeV2 and (b) x = 0.026, Q2 = 617 GeV2 . The Figure

shows predi tions from the resummed (solid) and the O(αs ) (dashed) al ulations.
Figure 2 shows our predi tion for the azimuthal asymmetries

hET cos 2ϕi

as fun tions of

plots and (b)
are shown in
bins for the

qT

x = 0.026, Q2 =
qT -bins

for (a)

x-axis.

3

and

4

and

in the left

617GeV2 in the right plots. The asymmetries

that are obtained from the experimental pseudorapidity

values of the hCM pseudorapidity

VE T

x = 0.0047, Q2 = 33.2GeV2

ϕ-integrated ET -ow data from Ref. [18℄. The

lower

hET cos ϕi

η

that

upper

x-axis shows

orrespond to the values of

qT

on the

For ea h of the distributions in Fig. 2, the stru ture fun tions

VE T

solid and dashed

were

al ulated at leading order in QCD,

urves, whi h

orrespond to the resummed and

respe tively, dier be ause the stru ture fun tion
(4) diers for the two

i.e., O(αs ).

1

VE T

al ulations. The resummed

The

O(αs ) results

in the denominator of

ϕ-integrated ET -ow

is

loser to the data than the xed-order result, so that the predi tions made
by perturbative QCD for the subleading stru ture fun tions
will be

3

VE T

and

4

VE T

onrmed if the experimental azimuthal asymmetries agree with the

resummed distributions.

A re ent study [12℄ shows that in the region qT

O(αs )

∼ Q the resummed ϕ-integrated

ET -ow

is larger than the

tries for

qT ∼ Q are smaller for the resummed denominator than for the O(αs )
qT /Q ≪ 1, the asymmetries are determined by the

denominator. In the region
asymptoti
tions

ρ

predi tion. This explains why the asymme-

behavior of the xed-order and resummed

VbET .

As

4b
VET behave as

qT → 0,

the

1/qT2 , 1/qT

O(αs )

and

1, respe

hET cos ϕi

hanges the

whi h be omes nonsingular in the limit

(

hET cos ϕi

i.e., in a

qT

distribution for the asymme-

qT -dependen

qT → 0.

qT

ordan e with the asymptoti

3

VbET ).

The asymptoti

1/qT

Hen e neither the

hET cos ϕi is reliable in the low-qT

region, so that higher-order or additional nonperturbative

qT → 0.

f.

Consequently, the asymme-

behavior of

xed-order nor the resummed al ulation for

(

e of the denominator,

with the resummed denominator asymptoti ally grows as

be important at

and

tively. Thus, asymptoti ally, the ratios

is quite large and negative for small, but non-vanishing

1b
Fig. 2). Resummation of V
ET
try

stru ture fun -

( 1 VbET )O(αs ) , 3 VbET ,

stru ture fun tions

3,4 b
VET /( 1 VbET )O(αs ) go to zero, although the

try

partoni

ontributions must

limit for the resummed

hET cos 2ϕi

remains nite, with the magnitude shown in Fig. 2. Sin e the magnitude of

hET cos 2ϕi is predi

ted not to ex eed a few per ent, an experimental observa-

tion of a large asymmetry
some new hadroni

hET cos 2ϕi at small qT

dynami s,

e.g.,

would signal the presen e of

ontributions from

T -odd

stru ture fun -

tions dis ussed in [6℄.

Figure 2 shows that the predi ted asymmetry

hET cos ϕi(qT )

at

qT /Q = 1

is

about 12% for the resummed denominator, while it is about 24% for the

O(αs )

denominator. The asymmetry

hET cos 2ϕi(qT )

at

qT /Q = 1

1.5-2% or 3.5-5%, respe tively. Both asymmetries are positive for
A

η

ording to Fig. 2a, the size of the experimental
bins in [18℄) for low or intermediate values of

the low-qT behavior of

Q2

3,4

VE T

with a

eptable a

is about

qT ∼ Q.

qT

bins ( onverted from the

2

is small enough to reveal

Q

ura y. However, for the high-

events in Fig. 2b, the experimental resolution in

qT

may be insu ient for

detailed studies in the low-qT region. Nonetheless, it will still be interesting to
ompare the experimental data to the predi tions of perturbative QCD in the
region

qT /Q ≈ 1,

and to learn about the angular asymmetries at large values

of

To

Q2

and

x.

on lude, we suggest that the azimuthal asymmetry of the energy ow

should be measured as a fun tion of the s ale

qT .

These measurements would

test the predi tions of the perturbative QCD theory more reliably than the
measurements of the asymmetries of the

harged parti le multipli ity.
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